29 30 Short title: The camalexin-biosynthetic metabolon 31 32 33 2 One-sentence summary: In Arabidopsis thaliana, the cytochrome P450 enzymes of 34 the camalexin biosynthetic pathway form a metabolic complex to which the 35 glutathione transferase U4 is recruited. 36 37 Abstract 43 44 Arabidopsis thaliana efficiently synthesizes the antifungal phytoalexin camalexin 45 without apparent release of bioactive intermediates, such as indole-3-acetaldoxime, 46 suggesting channeling of the biosynthetic pathway by formation of an enzyme 47 complex. To identify such protein interactions, two independent untargeted co-48 immunoprecipitation (co-IP) approaches with the biosynthetic enzymes CYP71B15 49 and CYP71A13 as baits were performed and the camalexin biosynthetic P450 50 enzymes were shown to co-purify. These interactions were confirmed by targeted co-51 IP and Förster resonance energy transfer measurements based on fluorescence 52 lifetime microscopy (FRET-FLIM). Furthermore, interaction of CYP71A13 and 53 Arabidopsis P450 Reductase 1 (ATR1) was observed. An increased substrate affinity 54 of CYP79B2 in presence of CYP71A13 was shown, indicating allosteric interaction. 55 Camalexin biosynthesis involves glutathionylation of an intermediary indole-3-56 cyanohydrin, synthesized by CYP71A12 and especially CYP71A13. It was 57 demonstrated by FRET-FLIM and co-IP, that the glutathione transferase GSTU4, 58 which is co-expressed with tryptophan-and camalexin-specific enzymes, was 59 physically recruited to the complex. Surprisingly, camalexin concentrations were 60 elevated in knock-out and reduced in GSTU4 overexpressing plants. This shows that 61 GSTU4 is not directly involved in camalexin biosynthesis but rather has a role in a 62 competing mechanism. 63 64 102 4 predominantly oxidized by CYP83B1 (SUR2, RNT1) to the corresponding nitrile 103 oxides or aci-nitro compound (Bak et al., 2001; Hansen et al., 2001), the precursors 104 of indole glucosinolates. Pathogen infection or treatment with high dosages of UV 105 light or heavy metals, such as silver nitrate, induce the production of CYP71A12 and 106 CYP71A13, which in contrast dehydrate IAOx to indole-3-acetonitrile (IAN) in the 107 biosynthesis of camalexin (Nafisi et al., 2007; Müller et al., 2015), which is the major 108 metabolite synthesized in response to these stresses. In camalexin biosynthesis, IAN 109 is then activated, presumably to indole cyanohydrin, which also involves CYP71A12 110 and CY71A13, and conjugated with glutathione (Parisy et al., 2007) yielding GS-IAN. 111 
) and there is growing evidence that these interactions have an effect on the 74 catalytic activities of the respective enzymes. This has been shown in detail for the 75 human enzymes CYP2E1, CYP3A4, and CYP3A5 (Davydov et al., 2015) . 76 In contrast to human/animal systems, for plant P450 enzymes there is little 77 information on potential functional interactions. For CYP73A5 and CYP98A3, 78 physical interactions with each other and additional enzymes of the phenylpropanoid 79 biosynthetic pathway was demonstrated by co-purification and Förster resonance 80 energy transfer (FRET) (Bassard et al., 2012) . Also for sporopollenin biosynthesis, 81 involving CYP703 and CYP704 isoforms, interactions with other pathway enzymes 82 have been demonstrated by pulldown, yeast-2-hybrid and FRET experiments 83 (Lallemand et al., 2013) . Furthermore, there is evidence for complex formation of 84 flavonoid biosynthetic enzymes (Crosby et al., 2011; Dastmalchi et al., 2016) . 85 Recently, it was shown in detail that the cyanogenic glucoside Dhurrin is synthesized 86 by a protein complex of two cytochrome P450 enzymes, a P450 reductase and a 87 glucosyl transferase (Laursen et al., 2016) . These examples indicate formation of 88 transient enzyme complexes, also referred to as metabolons, allowing efficient 89 channeling of intermediates, in particular for the biosynthesis of secondary 90 metabolites (Fujino et al., 2018; Hawes and Kriechbaumer, 2018; Knudsen et al., 91 2018). 92 In Arabidopsis, cytochrome P450 enzymes play a crucial role in the biosynthesis of 93 indolic defense compounds, such as indole glucosinolates, camalexin, 4-94 hydroxyindole-3-carbonyl nitrile, or derivatives of indole-3-carboxylic acid (Rauhut 95 and Glawischnig, 2009; Sønderby et al., 2010; Böttcher et al., 2014; Rajniak et al., 96 2015) ( Fig. 1) . For the biosynthesis of these specialized metabolites, tryptophan is 97 converted to indole-3-acetaldoxime (IAOx) by CYP79B2 and CYP79B3. Cyp79b2 98 cyp79b3 double mutants, in which tryptophan-derived defense compounds are 99 essentially absent, have been shown to be significantly more susceptible to a variety 100 of pathogens (Zhao et al., 2002; Glawischnig et al., 2004; Böttcher et al., 2009; 101 Schlaeppi et al., 2010; Frerigmann et al., 2016) . In healthy plants, IAOx is lines complementing the camalexin-deficient phenotype were selected. Expression of 142 the CYP71B15-GFP protein was monitored by Western blot analysis and a line was 143 selected for further analysis in which a strong GFP signal was observed in response 144 to Botrytis cinerea infection, while the signal was absent in untreated leaves 145 (Supplemental Figure 1A) . 146 As a next step, we analyzed the cellular distribution and subcellular localization of 147 CYP71B15-GFP in response to the fungal pathogens B. cinerea, Alternaria 148 brassicicola, and Erysiphe cruciferarum (Fig. 2 ). In accordance with its biological 149 function in phytoalexin biosynthesis, CYP71B15-GFP was only observed in cells in 150 close proximity to successful pathogen infection. We observed a strong accumulation 151 of CYP71B15-GFP around the site to B. cinerea infection (24 h after infection, hai) 152 (Fig 2A-F) , surrounding an area, where the necrotrophic fungus had apparently 153 already started to macerate the leaf tissue and where no CYP71B15-GFP was 154 detected, possibly because these cells were no longer metabolically active. For 155 necrotrophic A. brassicicola (18 hai), CYP71B15-GFP expression, was only observed 156 in cells in direct cellular contact with the fungus (Fig. 2G-L) . In E. cruciferarum 157 infected leaves (24 hai), highest CYP71B15-GFP abundance was observed in cells 158 next to cells that had been attacked or penetrated by the biotrophic fungus R). Note that E. cruciferarum spores, which were not germinated, did not induce 160 CYP71B15-GFP expression ( Fig 2M-O) . In all cases, CYP71B15-GFP was located in 161 the ER, which also surrounds the nucleus. This is in accordance with the detected 162 ER-localization in the heterologous Nicotiana system (see below). No focal protein 163 accumulations at sites of plant-microbe interactions were detected. 164 165 Untargeted screen for interaction partners of CYP71B15 166 Applying this CYP71B15 pro :CYP71B15-GFP (pad3) line, an untargeted proteomics 167 screen was set up to identify proteins which interact with CYP71B15 in B. cinerea-168 6 infected, as model system for pathogen interactions, or in UV-irradiated plants. 169 Rosette leaves of six weeks-old CYP71B15 pro :CYP71B15-GFP (pad3) and pad3 170 plants were infected with B. cinerea. After 24 h, microsomes were prepared and 171 solubilized. Co-IPs were performed and the eluates were subjected to trypsin 172 digestion and MS analysis. An aliquot of starting material was also analyzed to 173 determine the composition of microsomal proteins in response to B. cinerea infection. 174 Along with the bait protein CYP71B15, which was the protein corresponding to the 175 highest signal intensity, a total of 71 proteins significantly accumulated with respect to 176 the control IPs. Strikingly, among these, 22 cytochrome P450 enzymes, e.g. 177 CYP71B23, CYP84A1, and CYP706A1, were highly overrepresented (Fig. 3; 178 Supplemental Figure 2A ). CYP71A13, the enzyme channeling IAOx into the 179 camalexin biosynthetic pathway, was among the interacting proteins which 180 accumulated with highest intensity (average log 2 intensity = 25.4) and highest 181 specificity (109-fold enrichment, p=0.00014). Interestingly, the P450 enzyme 182 CYP83B1 which competes with camalexin-specific enzymes for the intermediate 183 IAOx (Fig. 1) (Bak et al., 2001; Hansen et al., 2001) , and CYP71B6 which is involved 184 in IAN metabolism (Bak et al., 2001; Hansen et al., 2001; Böttcher et al., 2014; Müller 185 et al., 2019) , were also enriched. CYP71A12 was also significantly enriched with an 186 Label-free quantification (LFQ) intensity approx. 12-fold lower than CYP71A13. 187 CYP79B2 and ATR1 were detected in the co-IP, but the respective enrichments (4.5-188 fold, p=0.17 and 5.0-fold, p=0.022, respectively) were below the threshold of where concentrations of CYP71A13 expressed under control of its native promoter 214 are too low for quantitative work. As this approach can yield also unspecific binding 215 partners, the analysis was focused on the differences of UV treatment versus control. 216 Strikingly, only one protein, CYP71B15, was significantly enriched in the UV-treated 217 versus the non-treated sample (Fig. 4 ). Five proteins were significantly depleted in 218 the UV-treated versus the non-treated sample, including Nitrilase 3 (NIT3, approx. 7-219 fold), which has been suggested to convert IAN to the auxin indole-3-acetic acid 220 (IAA) upon sulphur starvation (Kutz et al., 2002) . 221 In summary, we conclude from the untargeted co-IP experiments that the core 222 camalexin biosynthetic enzymes CYP71B15 and CYP71A13 physically interact with 223 each other in challenged Arabidopsis rosette leaves. Also, CYP71B6 which 224 specifically converts IAN to Indole-3-aldehyde (ICHO) and Indole-3-carboxylic acid 225 (ICOOH) (Böttcher et al., 2014) was consistently identified as a member of the 226 protein complex. In the untargeted screens, CYP79B2 was identified as binding 227 partner of CYP71B15, although the specificity of this interaction was not significant. 228 No interaction in an untargeted screen with CYP71A13 was observed. This indicates 229 that binding of CYP79B2 to the proposed camalexin biosynthetic protein complex is 230 weaker and more transient than the interaction between the camalexin-specific 231 enzymes CYP71A13 and CYP71B15. Apparently, GGP1 was localized to the cytosol and to some extent mis-localization of 261 CYP71A13 to the cytoplasm was induced by GGP1 co-expression ( Fig. 6 J-L). 262 We analyzed physical interaction by FRET (Förster, 1948) measured by donor 263 excited-state FLIM (Becker, 2012; Schoberer and Botchway, 2014) . The reduction in 264 the lifetime of the GFP (donor) fluorescence occurs only when an acceptor 265 fluorophore (mRFP) is within a distance of 10 nm, indicating a very high proximity 266 and most likely direct physical contact between the two proteins of interest. 267 Fluorescence lifetime of CYP71A12-GFP ( Fig. 7A ), CYP71A13-GFP (Fig. 7B ), and 268 9 CYP71B15-GFP ( Fig. 7C ) was quantified in combination with various potential 269 binding partners. Interaction was shown for CYP71A12 with CYP71B15, CYP79B2, 270 GSTU4 and the soluble camalexin-biosynthetic enzyme GGP1. CYP71A13 binds to 271 CYP71A12, CYP71B15, CYP79B2, GSTU4, and GGP1. Furthermore, the 272 fluorescence lifetime of CYP71B15-GFP in presence of CYP71A12, CYP79B2, 273 GSTU4 or GGP1 was statistically significantly reduced, which indicates an interaction 274 of also these enzymes. 275 Taking the co-IP and FRET-FLIM data together, essentially it was demonstrated that 276 the known camalexin biosynthetic enzymes form a protein complex in vivo. 277 Interestingly, no CYP71A12 or CYP71B15 homodimer formation was observed. This 278 also demonstrates that e.g. the observed interactions between CYP71A12/A13 and 279 CYP71B15 are not due to unspecific dimerization of the cytochrome P450s. In order to examine potential metabolic channeling, the first two pathway enzymes, 284 CYP79B2 and CYP71A13 were co-expressed together with ATR1 in Saccharomyces 285 cerevisiae. As a control, the CYP71A13 expression construct was replaced by an 286 empty vector. Tryptophan-conversion by corresponding microsomes was monitored.
287
A striking shift of the product spectrum towards formation of IAN was observed for 288 CYP79B2/CYP71A13, with respect to CYP79B2/empty vector microsomes ( Fig. 8A) . 289 In addition, co-expression of CYP79B2 and CYP71A13 reduced the apparent Km-290 value of CYP79B2 for tryptophan more than two-fold (6.9 ± 0.9 µM versus 17.5 ± 1.9 291 µM) ( Fig. 8B ). Figure 7C ). While for gstu2 no difference in camalexin levels relative to a wild-type 333 control was observed, gstu4 knockout mutants typically showed elevated camalexin we observed a strong induction of protein expression, but no focal accumulation. 354 Highly localized expression at sites of interaction together with metabolic channeling 355 in multienzyme complexes may ensure highly controlled and safe production of 356 camalexin on demand. 357 We identified proteins which physically interact with CYP71B15 (PAD3) following an 358 untargeted co-IP approach (Fig. 3) 2012). However, these P450 reductases were detected in solubilized microsomes but 376 not significantly enriched by co-IP. In addition, a number of membrane-bound kinases 377 were enriched. Whether this interaction has a functional significance, e.g. by 378 phosphorylation of the biosynthetic enzymes, remains to be investigated. 379 A second co-IP screen was performed with the aim to identify interacting proteins 380 which are specifically inducible. Here, constitutively expressed CYP71A13 was used 381 as a bait and UV-challenged leaves were compared with untreated controls (Fig. 4 ). 382 Only one of the co-purified proteins was significantly enriched: CYP71B15. In 383 conclusion, CYP71A13-CYP71B15 were robustly identified as a core protein complex 384 and this interaction was confirmed by targeted co-IP and FRET-FLIM ( Fig. 5, Fig. 7 ). 385 The formation of biosynthetic complexes is typically a transient and reversible 386 process (Perkins et al., 2010) . For targeted co-IP the bait and interacting proteins 387 were transiently overexpressed, enabling also interactions with proteins of low 388 abundance in planta. Here also a CYP71A13-ATR1 interaction was observed. 389 Furthermore, interaction of CYP71A12-CYP79B2 and CYP71A13-CYP79B2 was 390 revealed by FRET-FLIM analysis as this method is most suitable for detecting 391 transient interaction of proteins. As co-IP experiments with microsomal proteins as 392 baits involve solubilisation with mild detergents, cytosolic components of the complex 393 will not directly be solubilized and therefore depleted relative to membrane bound 394 partners. This is probably the case for GGP1, which was not enriched in the analysis is powerful, as it is not affected by differences in protein solubility. Here, in 400 addition to the interaction of the camalexin biosynthetic cytochrome P450 enzymes, 401 we observed interaction of CYP71A13 with GSTU4 and GGP1 (Fig. 7) . 402 Camalexin biosynthesis involves glutathionylation of IAN. As most Arabidopsis GSTs Supplemental Table 1 ). Therefore, it was a prime candidate for being a key 410 GST in camalexin biosynthesis. In contrast to this assumption, after infection with B. , 1999) . 423 Whether such GST-dependent activation mechanism in response to stress is relevant 424 also in Arabidopsis remains to be investigated. Also, it is unclear whether the 425 interaction between P450/GSTU4 interaction is specific for the camalexin 426 biosynthetic machinery or might play a more general role. 427 In conclusion, CYP79B2, CYP71A12/A13, CYP71B15, and ATR1 form a metabolic 428 complex (Fig. 10) . FRET-FLIM data indicated, that, in addition, GGP1 can be 429 recruited to this complex. Based on the data of our untargeted co-IP screens ATR1 430 and CYP79B2 are likely to be less tightly associated with the core camalexin 431 biosynthetic complex. This is in accordance with their different biological functions. The Saccharomyces cerevisiae strain BY4741 (Brachmann et al., 1998) , auxotroph 631 for His, Leu, Met and Ura, was used for coexpression of ATR1 (on plasmid 632 pGREG505), CYP79B2 (on plasmid pYeDP60) and CYP71A13 (on plasmid pSH62) 633 or the corresponding vector control. Transformations were performed according to 634 Gietz et al. (1992) . Yeasts were cultivated and microsomes were prepared essentially 635 as described by (Schuhegger et al., 2006) , with the modification that instead of 636 SGIW medium the selection medium SD was used (Amberg et al., 2005) . YFP and FLAG-tagged fusion proteins were transiently expressed in N. benthamiana and microsomal proteins were extracted four days after infiltration. Here, CYP71B15 (B15) in combination with CYP71A13 (A13) (1), CYP71A12 (A12) (2) or GSTU4 (U4) (4) and CYP71A13 in combination with GSTU4 (3) or ATR1 (5) A: Western blot analysis of input samples. B: Western Blot analysis on immunoprecipitation (IP) samples. IP was performed with anti-GFP antibody and interacting proteins were analysed with an anti-FLAG antibody. Interaction was shown for CYP71A13-FLAG with CYP71B15-YFP (1), GSTU4-YFP(3) and ATR1-YFP (5) and for CYP71B15-YFP with CYP71A12-FLAG (2) and GSTU4-FLAG (4). The experiment was repeated at least three times, with similar results. Combinations of fusion proteins, where no co-IP was observed are shown in Supplementary Figure 3 . 
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In each case two GFP or RFP labelled P450 enzymes (A, B, D, E, G, H, K, N, Q ) in different combinations or together with either GGP1-RFP (J), GSTU4-RFP (M) or GSTU2-RFP (P) were expressed transiently in N. benthamiana and analyzed for localization and co-localization three days after infiltration. Fluorescence signals for CYP71B15, CYP71A13, CYP71A12 and CYP79B2 fusion proteins were detected at the ER (A, B, D, E, G, H) with CYP79B2 expression levels substantially lower than the other proteins (G). GSTU4 (M) and GSTU2 (P) showed cytosolic localization indicated by the typical nuclear localization. Co-localization for CYP71A13 with CYP71B15 (C) and CYP79B2 (I) is shown in the merged images. Furthermore, CYP71B15 co-localizes with CYP71A12 (F) whereas no signal overlap is detectable when CYP71A13 is co-expressed with the cytosolic proteins GSTU4 (O) or GSTU2 (R) (see also Supplementary Fig. 4 ). Scale bar: 10 μm GFP-tagged CYP71A12 (A), CYP71A13 (B) or CYP71B15 (C) was transiently expressed in N. benthamiana alone (black bars), or in combination with different RFP-tagged proteins (white bars). Three days after inoculation protein-protein interaction was determined by measuring the GFP-fluorescence lifetime via FLIM. In case of FRET a significant reduction of GFP-fluorescence lifetime was detectable compared to the donor only sample. Physical interaction could be observed for CYP71A12, CYP71A13, CYP71B15 with each other and with CYP79B2, GGP1, and GSTU4. No interaction with GSTU2 and no homodimerization of CYP71A12 or CYP71B15 was observed. Error bars indicate standard deviation of at least three independent replicates. One-way Anova for independent samples, standard weighted-means analysis, with Tukey's honestly significant difference (HSD) post hoc test; *p<0.05; **p<0.01. CYP79B2 was expressed in S. cerevisiae together with CYP71A13 or vector control. A: Turnover of tryptophan with NADPH as co-substrate by corresponding microsomes; detection of substrate and products by HPLC; chromatogram at 278 nm. B: app. Km-value for tryptophan: CYP79B2: Km=17.5 ± 1.9 µM, R 2 =0.95; CYP79B2 / CYP71B13: Km=6.9 ± 0.9 µM, R 2 =0.90 (n=16). 
